1. Introduction {#s0005}
===============

*Campylobacter* and non-typhoidal *Salmonella* (NTS) are bacterial enteric pathogens associated with food animal reservoirs. They are transmitted to humans predominantly by contaminated food and water. Foodborne zoonoses, including those caused by *Campylobacter* and NTS, are recognised by the World Health Organization (WHO) as important causes of human illness and death worldwide ([@bb0665]). It is estimated that *Campylobacter* are responsible for \>95 million foodborne illnesses and \>21,000 deaths and NTS for \>78 million foodborne illnesses and \>59,000 deaths globally ([@bb0665]). The burden of bacterial foodborne disease, including disease caused by *Campylobacter* and NTS, is disproportionately higher in African regions compared with other parts of the world, with the number of Disability Adjusted Life Years (DALYs) per 100,000 exceeding that of other global regions ([@bb0665]).

While *Campylobacter* and NTS infections are usually self-limiting in healthy humans, complicated disease may develop in some. Bacteraemia and immunological syndromes such as reactive arthritis have been linked to both pathogens ([@bb0305]; [@bb1410]) while Guillain-Barré syndrome is associated with *Campylobacter* infection ([@bb0470], [@bb1570]). For both *Campylobacter* and NTS, bacteraemia is more common among children, the elderly, and immunocompromised persons, especially those with HIV/AIDS ([@bb0525]). Almost 70% of the global HIV burden is in sub-Saharan Africa ([@bb0735]). An increased risk of NTS bacteraemia has also been linked with recent or current malaria, and malnutrition ([@bb0510]).

*Campylobacter* are usually a non-pathogenic component of the gastrointestinal tract microbiota of livestock such as cattle, pigs, and sheep, with poultry considered to be the major reservoir, particularly of *C. jejuni* ([@bb1370]; [@bb1450]). Similarly, NTS have been isolated from the gastrointestinal tract of birds and mammals, including poultry and livestock ([@bb0220]; [@bb0440]; [@bb0565]). The transmission of potentially pathogenic *Campylobacter* or NTS from animal hosts to humans is predominantly via faecally contaminated food and water. However, humans may be infected by contact with live animals and environments contaminated with animal faeces and subsequent incidental ingestion of pathogens ([@bb0355], [@bb1560]). During processing for meat, animal gut microbiota and associated pathogens from the caecum, cloaca, intestines, or faeces may be transferred directly to the carcass or meat and organ surfaces. Transfer may also be indirect, such as from human hands and equipment. Both pathways may result in transfer of gastro-intestinal flora to meat and organ surfaces or to external animal surfaces such as feathers, fleece, hide, and skin. Such transfer is associated with increased risk for human infection from consumption of contaminated meat and cross-contamination of other foods. Uncooked produce may also be a direct source of human infection with zoonotic pathogens through contamination by animal faeces or untreated irrigation water ([@bb0525]).

Meat production is central to livelihoods in many African countries, with meat from livestock and poultry being a key protein source in subsistence communities ([@bb1185]). In many low-resource settings, industrialisation, urbanisation, and the shift from planned to market economies are leading to rapid changes in the way that food is produced, distributed, sold, and consumed ([@bb0300]; [@bb0605]). Such market-driven changes within agricultural production towards wider distribution networks, centralised processing, larger-scale and more intensive systems, have been linked to the emergence of zoonotic diseases ([@bb0740]) and the potential impact on food safety within low- and middle-income countries is increasingly recognised ([@bb1565]). Data on key bacterial pathogens in the meat production pathway in Africa are limited and are not currently available in aggregate form. To inform food safety policy and to identify data gaps, we undertook a systematic review on *Campylobacter* and *Salmonella* prevalence in food animals and meat in Africa.

2. Methods {#s0010}
==========

2.1. Study design and systematic review protocol {#s0015}
------------------------------------------------

References were sought and identified following the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines ([@bb1020]) ([Supplementary File 1](#ec0005){ref-type="supplementary-material"} checklist). Studies were searched in African Index Medicus (AIM), CABI Global Health, Proquest Health and Medicine, PubMed, Scopus, and Web of Science. Search terms are listed in [Table 1](#t0005){ref-type="table"} and no date restrictions were applied. The last search took place on 21 July 2016.

2.2. Search strategy {#s0020}
--------------------

Article titles and abstracts were reviewed for suitability for inclusion by KMT. They were selected for full text review if the studies investigated *Campylobacter* or *Salmonella*, reported on samples collected from food animals, their organs or meat, and data collection took place in African regions or countries as defined by the United Nations (UN) statistics division ([@bb1535]). Full text articles were reviewed independently by two authors (KMT, WdG) to determine if each article met pre-determined inclusion and exclusion criteria ([Supplementary File 2](#ec0010){ref-type="supplementary-material"}). Articles were included for full text review if the full text article could be retrieved, if it reported primary data, if the article reported isolation by culture or detection by PCR of *Campylobacter* or *Salmonella*, in individual food animals or meat products, regardless of laboratory methods used, if the prevalence of contamination with either pathogen could be calculated from information available in the paper, and if the materials tested represented 'gut', 'external', or meat and organ samples from individual animals. Gut samples were defined as caecal, intestinal, cloacal contents and faeces, which have the potential to contaminate 'external' and meat and organ samples from individual animals. External samples were defined as those from the exterior of individual animals, including hide, skin, or feathers. Meat and organ samples included bile, lymph nodes, raw organs, or meat. Serological studies were excluded. Studies were excluded if the numerator (i.e. number positive) and denominator (i.e. number tested) information were not reported at the species and sample type level. Studies were excluded if samples were frozen at the time of sample collection to avoid underestimates of prevalence data, particularly of *Campylobacter*, as a result of loss of viable cells due to freezing. Studies were excluded if they were solely from sick animals, from free-living wildlife, or from farmed game animals. Studies were also excluded if they were in a language other than English. When required, a third author (JAC) served as tiebreaker, independently reviewing articles to resolve disagreement between the two primary reviewers.

2.3. Data extraction {#s0025}
--------------------

From each included article, we extracted information on source food animal species, sample type, the total number of samples tested. The number of *Campylobacter* or *Salmonella* isolated or detected was extracted to determine pathogen prevalence. Sample location data, including UN statistics division African geographic region ([@bb1535]), country, administrative level, city, town or village, and Global Positioning System (GPS) coordinates were extracted from articles when reported. Where available, data were recorded on the prevalence of individual *Campylobacter* species, and *Salmonella enterica* serovars or serogroups, as per standards of the WHO Collaborating Centre for Reference and Research on *Salmonella* ([@bb0610]). During data extraction, elements of sample selection, sample handling, and laboratory methods were noted, including length of study, conditions and time of transport to laboratory, amount of sample tested, media used, and temperature and gas conditions of incubation. A formal bias assessment was established ([Supplementary Table 1](#ec0015){ref-type="supplementary-material"}), assigning low (L), moderate (M), high (H), unknown (U), implied (I), yes (Y), no (N), or not applicable (NA) to each potential introduction of bias. The bias elements considered in the formal assessment relating to sample selection and handling were study length, temperature and time of transport to the laboratory. The bias elements relating to laboratory testing were amount of sample tested, type of isolation or detection methods, incubation conditions, and the quality of the serotyping methods used. An overall assessment of low, moderate or high risk of bias was assigned to each included article.

2.4. Data analysis {#s0030}
------------------

Prevalence estimates were calculated from pooled data for each pathogen by livestock species, geographic region and sample type, and for each geographic region and sample type by livestock species. An inverse variance approach with study ID as a random effect was used to derive weighted prevalence estimates ([@bb0925]). In the presence of small numbers of total samples for some studies, the logit transformation was used ([@bb0215]). Between study heterogeneity was quantified using the I^2^ statistic, which provides an estimate of the percentage of total variation between studies that is due to prevalence differences rather than to chance variation ([@bb0670]). Eighty percent prediction intervals (80% PI) were derived to provide an estimate of the interval between which the prevalence of a future study of *Campylobacter* or *Salmonella* prevalence could be expected to fall with 80% probability ([@bb0700]). Weighted average prevalence estimates, their 95% confidence intervals (95% CI), 80% PI and the I^2^ statistic were derived using the *meta* package ([@bb1420]) in the R statistical environment, version 3.4.2. (<http://cran.r-project.org/>).Table 1Full search strategies for database searches, date searched, database name, and number of articles retrieved systematic review of prevalence of *Campylobacter* and *Salmonella* in African food animals and meat, 1953--2016.Table 1Date Search performedDatabaseNumber of articles retrievedSearch string/terms and limits11 Jul 16Africa Index Medicus46Campylobacter OR Salmonella21 Jul 16CABI Global Health2251All = (Search \#1) AND All = (Search \#2) AND All = (Search \#3)11 Jul 16ProQuest774Anywhere = (Search \#1) AND All = (Search \#2) AND All = (Search \#3)11 Jul 16PubMed1423All = (Search \#1) AND All = (Search \#2) AND All = (Search \#3)11 Jul 16Scopus2059Abstract, Title, Keyword = (Search \#1) AND Abstract, Title, Keyword = (Search \#2) AND Abstract, Title, Keyword = (Search \#3) in the categories of Life Sciences and Health Sciences11 Jul 16Web of Science1051TOPIC = (Search \#1) AND TOPIC = (Search \#2) AND TOPIC = (Search \#3)Where:Search \#1(Campylobacter\*) OR (Salmonell\*)Search \#2(cattle) OR (cow) OR (bull) OR (beef) OR (heifer) OR (steer) OR (bovine) OR (calf) OR (calves) OR (sheep) OR (mutton) OR (hogget) OR (lamb) OR (ovine) OR (goat) OR (caprine) OR (chicken) OR (avian) OR (poultry) OR (hen) OR (chick) OR (broiler) OR (layer) OR (pork) OR (porcine) OR (pig) OR (camel) OR (offal) OR (food) OR (meat)Search \#3(Africa\*) OR (algeria) OR (angola) OR (benin) OR (botswana) OR (burkina faso) OR (burundi) OR (cameroon) OR (cape verde) OR (central african republic) OR (chad) OR (comoros) OR (congo) OR (cote d\'ivoire) OR (ivory coast) OR (democratic republic of the congo) OR (zaire) OR (djibouti) OR (egypt) OR (equatorial guinea) OR (eritrea) OR (ethiopia) OR (gabon) OR (gambia) OR (ghana) OR (guinea) OR (guinea-bissau) OR (kenya) OR (lesotho) OR (liberia) OR (libya) OR (madagascar) OR (malawi) OR (mali) OR (mauritania) OR (mauritius) OR (mayotte) OR (morocco) OR (mozambique) OR (namibia) OR (niger) OR (nigeria) OR (reunion) OR (rwanda) OR (saint helena) OR (sao tome and principe) OR (senegal) OR (seychelles) OR (sierra leone) OR (somalia) OR (south africa) OR (south sudan) OR (sudan) OR (swaziland) OR (tanzania) OR (togo) OR (tunisia) OR (uganda) OR (western sahara) OR (zambia) OR (zimbabwe)

Mixed effects logistic regression was used to explore predictors of *Campylobacter* and *Salmonella* infection or colonisation and contamination. Publication ID was included as a random effect and geographic region, sample type (i.e. 'gut', 'external', 'meat and organ') and species type were included as fixed effects. Data were then disaggregated by host species and separate mixed effects logistic regression models constructed for each pathogen for camels, cattle, goats, pigs, poultry, and sheep. Host species-specific models included publication ID as a random effect and sample type and geographic region as fixed effects. Where data were available, Northern Africa was used as the referent region and 'gut' as the baseline sample type. Deviations are stated when chosen referent baselines did not have data. Poultry was used as the baseline for species type and compared to pigs and a combined category containing all other species (buffalo, camels, cattle, goats, and sheep). The overall contribution of each fixed effect to model fit was assessed using a likelihood ratio test. In addition to the I^2^ statistic described above, between study heterogeneity in prevalence was quantified for the overall logistic regression model and species-specific logistic regression models using the median odds ratio (MOR). This statistic represents the median value of the odds ratio when comparing group (study) level residuals from randomly selected pairs of samples from different studies ([@bb0870]). It can be considered to provide an indication of the magnitude of the difference in odds of animal infection or carriage or sample contamination when comparing two studies: where there is little between study variation, the MOR would be close to one. Mixed effects logistic regression models were constructed using the *lme4* package ([@bb0230]) in R.

3. Results {#s0035}
==========

After removing duplicate articles from the searches of six selected databases, 4954 articles were available for title and abstract screening. Of these 531 (10.7%) were identified as potentially relevant and 247 (5.0%) were eligible for inclusion after full text review ([Fig. 1](#f0005){ref-type="fig"}). Sixty articles from 14 countries reported prevalence data on *Campylobacter*, 174 articles from 27 countries reported prevalence data on *Salmonella,* and 13 articles from eight countries reported prevalence data on both pathogens. No prevalence data were excluded as a result of the quality assessment. [Table 2](#t0010){ref-type="table"} shows the decades in which the sampling began in each study. The geographic location of included studies is represented in [Fig. 2](#f0010){ref-type="fig"}. The number of studies from each country and the animal species investigated are listed in [Table 3](#t0015){ref-type="table"}.Fig. 1PRISMA flowchart showing identification, screening, and selection of eligible articles for inclusion in systematic review, 1953--2016.Fig. 1Table 2Numbers of articles on *Campylobacter* or *Salmonella* and *Campylobacter* and *Salmonella* prevalence included in the systematic review by year of when sampling and testing began.Table 2YearsCampylobacterSalmonellaCampylobacter and Salmonella1951--19590401960--19690601970--19790301980--19890211990--19991802000--2009244132010--201610340Unspecified25769TOTAL6017413Fig. 2Map showing location of included studies describing (A) *Campylobacter* and (B) *Salmonella* contamination prevalence where geographic information was available (blue circles), 1953--2016. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 2Table 3Studies included in systematic review of the prevalence of *Campylobacter* and *Salmonella* in African food animals and animal food products by region, country, and animal species, 1953--2016.Table 3PathogenRegionCountryNo. of studiesAnimal type investigatedReferencesCampylobacterCentral AfricaCameroon2Chicken([@bb0555], [@bb1175])Democratic Republic of Congo1Goat([@bb0005])TOTAL3Eastern AfricaEthiopia6Cattle, Goat, Pig, Poultry, Sheep([@bb0320], [@bb0375], [@bb0480], [@bb0780], [@bb1130], [@bb1555])Kenya2Cattle, Goat, Pig, Poultry, Sheep([@bb1240], [@bb1505])Madagascar1Poultry([@bb0555])Mozambique1Cattle([@bb0055])Tanzania11Camel, Cattle, Goat, Pig, Poultry, Sheep([@bb0720], [@bb0730], [@bb0775], [@bb0770], [@bb0845], [@bb0860], [@bb0955], [@bb0950], [@bb0945], [@bb1140], [@bb1145])TOTAL21Northern AfricaAlgeria1Poultry([@bb0965])Egypt17Buffalo, Cattle, Goat, Poultry, Sheep([@bb0015], [@bb0150], [@bb0205], [@bb0430], [@bb0435], [@bb0455], [@bb0465], [@bb0650], [@bb0790], [@bb0795], [@bb0800], [@bb0805], [@bb1100], [@bb1225], [@bb1300], [@bb1315], [@bb1405])TOTAL18Southern AfricaSouth Africa11Cattle, Goat, Pig, Poultry, Sheep([@bb0255], [@bb0345], [@bb0745], [@bb0905], [@bb1055], [@bb1350], [@bb1515], [@bb1520], [@bb1525], [@bb1530], [@bb1125])TOTAL11Western AfricaCote d\'Ivoire2Poultry([@bb0570], [@bb0600])Ghana2Goat, Pig, Poultry([@bb0050], [@bb1365])Nigeria14Cattle, Goat, Pig, Poultry, Sheep([@bb0065], [@bb0125], [@bb0415], [@bb0420], [@bb1120], [@bb1115], [@bb1190], [@bb1195], [@bb1215], [@bb1310], [@bb1375], [@bb1385], [@bb1380], [@bb1510])Senegal4Poultry([@bb0280], [@bb0285], [@bb0290], [@bb0555])TOTAL22SalmonellaCentral AfricaCameroon2Cattle, Pig, Poultry([@bb0120], [@bb1175])Democratic Republic of Congo1Cattle, Goat, Pig, Poultry, Sheep([@bb0915])TOTAL3Eastern AfricaEthiopia28Camel, Cattle, Goat, Pig, Poultry, Sheep([@bb0040], [@bb0060], [@bb0135], [@bb0140], [@bb0190], [@bb0195], [@bb0200], [@bb0240], [@bb0245], [@bb0365], [@bb0370], [@bb0395], [@bb0410], [@bb0550], [@bb0575], [@bb1045], [@bb1030], ,[@bb1025][@bb1040], [@bb1050], [@bb1090], [@bb1170], [@bb1445], [@bb1485], [@bb1495], [@bb1550], [@bb1580], [@bb1035])Kenya3Cattle, Pig, Poultry([@bb0590], [@bb0835], [@bb1545])Mauritius1Poultry([@bb1280])Mozambique1Cattle([@bb0055])Rhodesia1Cattle([@bb0315])Rwanda1Cattle([@bb1135])Tanzania4Cattle, Goat, Poultry([@bb0680], [@bb0860], [@bb0940], [@bb1265])Uganda1Pig([@bb0695])Zambia4Cattle, Pig, Poultry([@bb0640], [@bb0710], [@bb0855], [@bb1110])Zimbabwe1Poultry([@bb0595])TOTAL45Northern AfricaAlgeria5Cattle, Poultry, Sheep([@bb0115], [@bb0180], [@bb0615], [@bb0970], [@bb1155])Egypt59Buffalo, Camel, Cattle, Goat, Pig, Poultry, Sheep([@bb0015], [@bb0020], [@bb0025], [@bb0035], [@bb0045], ,[@bb0095][@bb0105], [@bb0100], [@bb0145], [@bb0150], [@bb0155], [@bb0160], [@bb0170], [@bb0175], [@bb0400], [@bb0405], [@bb0425], [@bb0450], [@bb0460], [@bb0445], [@bb0495], [@bb0490], [@bb0500], [@bb0515], [@bb0580], [@bb0585], [@bb0635], [@bb0660], [@bb0690], [@bb0800], [@bb0900], [@bb0920], [@bb0980], [@bb0990], [@bb1005], [@bb1000], [@bb1065], [@bb1070], [@bb1075], [@bb1095], [@bb1100], [@bb1105], [@bb1150], [@bb1250], [@bb1255], [@bb1260], [@bb1245], [@bb1275], [@bb1300], [@bb1320], [@bb1340], [@bb1390], [@bb1400], [@bb1405], [@bb1415], [@bb1435], [@bb1585], [@bb1395], [@bb0895])Morocco6Cattle, Poultry, Sheep([@bb0030], [@bb0165], [@bb0270], [@bb0330], [@bb0325], [@bb0810])Sudan7Camel, Cattle, Goat, Poultry, Sheep([@bb0625], [@bb0685], [@bb0815], [@bb0825], [@bb0820], [@bb1010], [@bb1575])Tunisia2Cattle, Poultry, Sheep([@bb0010], [@bb1270])TOTAL78Southern AfricaBotswana5Cattle, Poultry([@bb0540], [@bb0560], [@bb0765], [@bb0975], [@bb1060])Namibia1Cattle([@bb1440])South Africa10Cattle, Goat, Pig, Poultry, Sheep([@bb0715], [@bb0910], [@bb0935], [@bb1165], [@bb1295], [@bb1355], [@bb1480], [@bb1125], [@bb1590], [@bb0960])TOTAL16Western AfricaBenin2Pig, Poultry([@bb0265], [@bb0850])Burkina Faso4Cattle, Pig, Poultry, Sheep([@bb0235], [@bb0755], [@bb0750], [@bb0760])Cote d\'Ivoire1Poultry([@bb1345])Gambia, The1Goat, Poultry, Sheep([@bb0390])Ghana2Cattle, Poultry([@bb0675], [@bb1365])Nigeria30Camel, Cattle, Goat, Pig, Poultry, Sheep([@bb0070], [@bb0075], [@bb0080], [@bb0085], [@bb0110], [@bb0130], [@bb0225], [@bb0335], [@bb0380], [@bb0415], [@bb0485], [@bb0505], [@bb0705], [@bb0725], [@bb0865], [@bb1160], [@bb1180], [@bb1200], [@bb1205], [@bb1210], [@bb1220], [@bb1230], [@bb1235], [@bb1330], [@bb1325], [@bb1430], [@bb1425], [@bb1465], [@bb1460], [@bb1475])Senegal5Cattle, Poultry([@bb0210], [@bb0285], [@bb0385], [@bb0985], [@bb1470])TOTAL45

3.1. Campylobacter {#s0040}
------------------

The unadjusted prevalence of *Campylobacter* by animal species among various sample types for each African region by source animal species is shown in [Table 4](#t0020){ref-type="table"}. The weighted prevalence of *Campylobacter* by animal species, sample type, and geographic region is summarized in [Fig. 3](#f0015){ref-type="fig"}. The prevalence was highest in poultry samples (37.7%, 95% CI 31.6--44.3, 80% PI 12.1--72.7) followed by pig samples (24.6%, 95% CI 18.0--32.7, 80% PI 11.2--45.9), goat samples (17.8%, 95% CI 12.6--24.5, 80% PI 7.8--35.6), sheep samples (12.6%, 95% CI 8.4--18.5, 80% PI 4.3--31.7), and cattle samples (12.3%, 95% CI 9.5--15.8, 80% PI 5.1--26.7). One study reported attempted isolation or detection of *Campylobacter* from camels and buffalo, with zero positive cases for both species. [Fig. 4](#f0020){ref-type="fig"} shows the breakdown of *Campylobacter* species between food animals. For all animal samples, *Campylobacter* were significantly less likely to be isolated or detected from meat or organ samples than from gut samples (OR = 0.67, 95% CI 0.56--0.80), and significantly more likely to be isolated or detected from external samples than gut samples (OR = 1.77, 95% CI 1.19--2.65) ([Table 5](#t0025){ref-type="table"}). With adjustment for sample and species type, the odds of contamination of food animal samples with *Campylobacter* from Central Africa was significantly higher than the referent region of Northern Africa (OR = 9.06, 95% CI 1.92--42.70). The odds of contamination were significantly lower in samples from pigs (OR = 0.60, 95% CI 0.49--0.73) and all other species (OR = 0.29, 95% CI 0.25--0.33) when compared to samples from poultry. There was evidence that the inclusion of region, sample and species type as fixed effects improved model fit (Χ^2^ = 10.6, *p* = 0.03; Χ^2^ = 32.8, *p* ≤0.001; Χ^2^ = 332.7, p ≤0.001, respectively).Table 4Combined unadjusted *Campylobacter* prevalence and species for food animal type and various sample types, 1979--2015.Table 4Host animal typeSample stageSample typeNo. of samples testedNo. of samples positive (%)*Campylobacter* species when isolates were typed from positive samplesC. jejuni (%)C. coli (%)Other *C.* spp.[a](#tf0005){ref-type="table-fn"} (%)BuffaloGutIntestinal contents550(0.0)------------TOTAL550(0.0)------------CamelGutFaeces/Rectal swab30(0.0)------------TOTAL30(0.0)------------CattleGutFaeces/Rectal swab4957733(14.8)512(68.7)187(25.1)46(6.2)GutIntestinal contents804(5.0)NT--NT--NT--Meat/organCarcass82755(6.7)37(67.3)16(29.1)2(3.6)Meat/organGallbladder10012(12.0)0(0.0)12(100)0(0.0)Meat/organLiver308(26.7)5(62.5)3(37.5)0(0.0)Meat/organMeat52125(4.8)21(84.0)4(16.0)0(0.0)Meat/organTripe301(3.3)NT--NT--NT--TOTAL6545838(12.8)575(68.0)222(26.3)48(5.7)GoatGutFaeces/Rectal swab2372472(19.9)283(59.0)149(31.0)48(10.0)Meat/organCarcass18017(9.4)12(70.6)5(29.4)0(0.0)Meat/organMeat26980(29.7)17(20.7)65(79.3)0(0.0)Meat/organStomachs8632(91.3)7(21.9)25(78.1)0(0.0)TOTAL2907601(20.7)319(53.1)244(40.6)48(8.0)PigsGutCaeca/Intestine45459(13.0)36(61.0)23(39.0)0(0.0)GutFaeces/Rectal swab1408467(33.2)83(17.8)354(76.1)28(6.0)Meat/organCarcass667(10.6)6(85.7)1(14.3)0(0.0)Meat/organMeat474(8.5)1(25.0)2(50.0)1(25.0)TOTAL1975537(27.2)126(23.6)380(71.0)29(5.4)PoultryGutCaeca1902759(39.9)442(71.9)161(26.2)12(2.0)GutFaeces/Cloaca swab55482457(44.3)1893(82.6)276(12.0)122(5.3)Meat/organCarcass653335(51.3)130(55.3)97(41.3)8(3.4)Meat/organGallbladder or bile653(4.6)3(100)0(0.0)0(0.0)Meat/organGiblet3715(40.5)5(100)0(0.0)0(0.0)Meat/organGizzard25043(17.2)43(100)0(0.0)0(0.0)Meat/organHeart25011(4.4)11(100)0(0.0)0(0.0)Meat/organKidney252(8.0)2(100)0(0.0)0(0.0)Meat/organLiver30075(25.0)68(100)0(0.0)0(0.0)Meat/organMeat1193257(21.5)132(71.4)10(5.4)43(23.2)Meat/organSpleen20017(8.5)17(100)0(0.0)0(0.0)ExternalSkin1405948(67.5)346(47.7)341(47.0)38(5.2)TOTAL11,8284922(41.6)3092(73.6)885(21.1)223(5.3)SheepGutFaeces/Rectal swab1430248(17.3)148(59.7)87(35.1)13(5.2)GutIntestinal contents30017(5.7)11(64.7)4(23.5)2(11.8)Meat/organCarcass28838(13.2)31(81.6)7(18.4)0(0.0)Meat/organGallbladder25010(4.0)8(80.0)1(10.0)1(10.0)Meat/organMeat11412(10.5)10(83.3)2(16.7)0(0.0)TOTAL2382325(13.6)208(64.0)101(31.1)16(4.9)[^1]Fig. 3Forest plot with adjusted prevalence estimates for *Campylobacter* in food animals and meat for each animal species, sample type and African region, 1953--2016. 95% confidence intervals shown in solid line. 80% prediction intervals shown with dotted line. Adjusted prevalence not estimated when number of studies (k) \< 2, 1979--2015.Fig. 3Fig. 4Pie graphs showing the breakdown of *Campylobacter* species reported when typed from (A) Cattle, (B) Goats, (C) Pigs, (D), Poultry, (E) Sheep and (F) all African food animal species combined, 1953--2016.Fig. 4Table 5Odds Ratios (OR) with 95% Confidence intervals (CI) for fixed effects from multi-level multivariable logistic regression models for *Campylobacter* and *Salmonella* prevalence for sample types, 1953--2016.Table 5ModelFixed effectsCampylobacterSalmonellaOR95% CIOR95% CIAllRegionNorthernBaselineBaselineCentral9.06(1.92--42.70)[⁎](#tf0010){ref-type="table-fn"}6.64(1.37--32.24)[⁎](#tf0010){ref-type="table-fn"}Eastern1.23(0.61--2.46)1.36(0.91--2.05)Southern2.08(0.81--5.39)1.35(0.69--2.68)Western1.59(0.79--3.21)1.79(1.10--2.92)[⁎](#tf0010){ref-type="table-fn"}Sample typeGutBaselineBaselineExternal1.77(1.19--2.65)[⁎](#tf0010){ref-type="table-fn"}1.77(1.44--2.18)[⁎](#tf0010){ref-type="table-fn"}Internal0.67(0.56--0.80)[⁎](#tf0010){ref-type="table-fn"}0.86(0.79--0.95)[⁎](#tf0010){ref-type="table-fn"}Species typePoultryBaselineBaselinePigs0.60(0.49--0.73)[⁎](#tf0010){ref-type="table-fn"}0.82(0.63--1.07)All other0.29(0.25--0.33)[⁎](#tf0010){ref-type="table-fn"}0.47(0.42--0.54)[⁎](#tf0010){ref-type="table-fn"}CattleRegionNorthernBaselineBaselineCentral--6.53(0.66--64.87)Eastern0.60(0.19--1.86)1.07(0.53--2.17)Southern0.96(0.19--4.76)0.57(0.18--1.83)Western1.45(0.42--5.02)1.88(0.77--4.61)Sample typeGutBaselineBaselineExternal--8.11(5.5--11.96)[⁎](#tf0010){ref-type="table-fn"}Internal0.40(0.26--0.61)[⁎](#tf0010){ref-type="table-fn"}0.97(0.81--1.17)GoatsRegionNorthern----BaselineCentral10.3(7.0--15.1)[⁎](#tf0010){ref-type="table-fn"}17.3(0.65--461.6)EasternBaseline4.8(0.74--31.8)Southern8.7(5.3--14.1)[⁎](#tf0010){ref-type="table-fn"}0.45(0.02--12.8)Western5.5(3.7--8.1)[⁎](#tf0010){ref-type="table-fn"}3.4(0.5--22.5)Sample typeGutBaselineBaselineExternal----0.91(0.23--3.6)Internal1.5(1.1--2.1)[⁎](#tf0010){ref-type="table-fn"}1.3(0.68--2.6)SheepRegionNorthernBaselineBaselineCentral----6.5(1.4--30.3)[⁎](#tf0010){ref-type="table-fn"}Eastern2.4(0.42--13.8)1.1(0.55--2.2)Southern7.1(0.63--79.5)0.25(0.07--0.98)[⁎](#tf0010){ref-type="table-fn"}Western2.2(0.35--13.6)3.1(1.3--7.1)[⁎](#tf0010){ref-type="table-fn"}Sample typeGutBaselineBaselineExternal----1.4(0.93--2.0)Internal1.27(0.78--2.1)0.85(0.4--2.1)PigsRegionNorthern--BaselineCentral--10.92(1.36--87.54)[⁎](#tf0010){ref-type="table-fn"}EasternBaseline2.67(0.53--13.44)Southern0.17(0.06--0.52)[⁎](#tf0010){ref-type="table-fn"}2.56(0.39--16.70)Western0.42(0.16--1.15)3.46(0.67--18.03)Sample typeGutBaselineBaselineExternal----Internal0.19(0.09--0.40)[⁎](#tf0010){ref-type="table-fn"}1.07(0.83--1.39)PoultryRegionNorthernBaselineBaselineCentral13.3(4.35--40.74)[⁎](#tf0010){ref-type="table-fn"}3.53(0.42--29.93)Eastern1.87(0.73--4.83)1.12(0.45--2.81)Southern2.89(0.78--10.68)2.11(0.63--7.06)Western1.45(0.56--3.71)1.81(0.86--3.80)Sample typeGutBaselineBaselineExternal1.57(1.03--2.39)[⁎](#tf0010){ref-type="table-fn"}0.73(0.55--0.98)[⁎](#tf0010){ref-type="table-fn"}Internal0.55(0.41--0.73)[⁎](#tf0010){ref-type="table-fn"}0.45(0.39--0.53)[⁎](#tf0010){ref-type="table-fn"}[^2]

Between study heterogeneity on the basis of the I^2^ statistic was high (\>90%) for all livestock species, except cattle for which a relatively small proportion of the between study variation (15.8%) was estimated to be due to prevalence differences rather than chance variation. This is supported by values for MOR, which suggest that when comparing pairs of samples from two randomly selected studies, the odds of *Campylobacter* sample contamination in the study reporting higher prevalence would, in median, be 3.2 times the odds of sample contamination in the lower prevalence study, with control for region, sample type, and species type. For the species-specific models, between study heterogeneity on the basis of MOR was notably high for poultry, in which the estimated median difference in odds of sample contamination between a low and high prevalence study was 4.1 ([Table 6](#t0030){ref-type="table"}).Table 6Inter-study heterogeneity based on the I^2^ statistic and median odds ratio (MOR) for *Campylobacter* and *Salmonella* for all included studies (overall) and for included studies for each African food animal species for included studies, 1953--2016.Table 6CampylobacterSalmonellaI^2^MORI^2^MOROverall96.7%3.298.3%3.7Camels----72.9%3.0Cattle15.8%2.297.1%4.5Goats92.1%n.d.80.6%3.6Pigs90.4%1.893.5%2.7Poultry96.9%4.195.3%4.0Sheep90.8%2.477.6%1.7

### 3.1.1. Poultry {#s0045}

The adjusted prevalence on the basis of 7450 poultry gut samples was 40.2% (95% CI 32.7--48.2), 73.8% (95% CI 63.5--82.0) in 1405 poultry external samples, and 21.3% (95% CI 13.3--32.2), among 2973 meat or organ samples ([Fig. 3](#f0015){ref-type="fig"}). On the basis of the multivariable model, *Campylobacter* were significantly less likely to be isolated or detected in meat or organ samples than gut samples (OR = 0.55, 95% CI 0.41--0.73), but significantly more likely to be isolated or detected in external samples than gut samples (OR = 1.57, 95% CI 1.03--2.39) ([Table 5](#t0025){ref-type="table"}). The adjusted *Campylobacter* prevalence was highest in Central Africa (91.2, 95% CI 87.4--94.0) and lowest in Northern Africa (24.2%, 95% CI 17.3--32.6) ([Fig. 3](#f0015){ref-type="fig"}). On the basis of the multivariable model, *Campylobacter* were significantly more likely to be isolated or detected in poultry samples from Central Africa than the referent region of Northern Africa (OR = 13.3, 95% CI 4.35--40.74) ([Table 5](#t0025){ref-type="table"}). However, there was no evidence that the inclusion of region as a fixed effect improved model fit (Χ^2^ = 7.4, *p* = 0.11). There was strong evidence for an improvement in model fit with the inclusion of sample type (Χ^2^ = 28.1, *p* ≤0.001).

Among the 4922 poultry samples from which *Campylobacter* was isolated or detected, 4200 (85.7%) isolates were speciated. Of 4200 speciated isolates, 3092 (73.6%) were *C. jejuni*, 885 (21.1%) were *C. coli*, 152 (3.6%) were reported as 'other', 56 (1.3%) were *C. lari*, 10 (0.2%) were *C. upsaliensis*, and five (0.1%) were *C. fetus* ([Table 4](#t0020){ref-type="table"}).

### 3.1.2. Pigs {#s0050}

The adjusted prevalence on the basis of 1862 pig gut samples was 27.8% (95% CI 20.4--36.7). No pig external samples were tested for *Campylobacter*. Among 113 pig meat or organ samples, the adjusted prevalence was 9.8% (95% CI 5.5--16.8) ([Fig. 3](#f0015){ref-type="fig"}). *Campylobacter* were significantly less likely to be isolated or detected from pig meat or organ samples than from pig gut samples (OR = 0.19, 95% CI 0.09--0.40) ([Table 5](#t0025){ref-type="table"}). The adjusted *Campylobacter* prevalence was 30.9% (95% CI 21.6--42.1) for samples from Eastern Africa, 26.6% (95% CI 20.4--33.8) for samples from Western Africa, and 8.6% (95% CI 0.7--55.9) for samples from Southern Africa ([Fig. 3](#f0015){ref-type="fig"}). No studies from Central or Northern Africa reported on *Campylobacter* prevalence in pigs. When adjusted for sample type, the prevalence of *Campylobacter* in samples from Southern Africa was significantly lower (OR = 0.17, 95% CI 0.06--1.15) than the referent region of Eastern Africa ([Table 5](#t0025){ref-type="table"}). There was evidence that the inclusion of region and sample type improved model fit (Χ^2^ = 7.7, *p* = 0.02; Χ^2^ = 24.0, *p* ≤0.001, respectively).

Among the 537 pig samples from which *Campylobacter* was isolated or detected, 535 isolates (99.6%) were speciated. Of 535 speciated isolates, 126 (23.6%) were *C. jejuni*, 380 (71.1%) were *C. coli*, 22 (4.1%) were reported as 'other', three (0.6%) were *C. hyointestinalis*, three (0.6%) were *C. faecalis*, and one (0.2%) was *C. lari* ([Table 4](#t0020){ref-type="table"}).

### 3.1.3. Goats {#s0055}

The adjusted *Campylobacter* prevalence on the basis of 2372 goat gut samples was 16.8% (95% CI 11.4--24.6). No goat external samples were tested. Among 535 goat meat or organ samples, the adjusted prevalence was 20.2% (95% CI 8.2--41.6) ([Fig. 3](#f0015){ref-type="fig"}) After controlling for region, goat meat or organ samples were significantly more likely to be contaminated than gut samples (OR = 1.5, 95% CI 1.1--2.1) ([Table 5](#t0025){ref-type="table"}). The adjusted prevalence of *Campylobacter* contamination was highest in the Central region (37.7%, 95% CI 33.5--42.0) and lowest in the Eastern region (5.4%, 95% CI 2.9--9.9) ([Fig. 3](#f0015){ref-type="fig"}). No samples were collected from the Northern region. There were significant differences in the odds of *Campylobacter* contamination when comparing samples from Central, Southern and Western regions with the Eastern baseline ([Table 5](#t0025){ref-type="table"}). There was evidence that the inclusion of region and sample type as fixed effects improved model fit (Χ^2^ = 23.3, *p* ≤0.001; Χ^2^ = 6.3, *p* = 0.01, respectively).

For *Campylobacter* from goats, 616 isolates were speciated from 601 samples. Of these 616 isolates, 321 (52.1%) were *C. jejuni*, 246 (39.9%) were *C. coli*, 28 (4.5%) were *C. lari,* 13 (2.1%) were *C. upsaliensis*, and eight (1.3%) were *C. sputorum* ([Table 4](#t0020){ref-type="table"}).

### 3.1.4. Sheep {#s0060}

The adjusted prevalence of *Campylobacter* contamination in 1730 sheep gut samples was 13.6%, (95% CI 8.5--21.1) and 10.2% (95% CI 5.4--18.2) on the basis of 652 meat or organ samples ([Fig. 3](#f0015){ref-type="fig"}). No external samples were reported. There was no evidence of a difference between the odds of contamination between sample types in the multivariable regression ([Table 5](#t0025){ref-type="table"}). The adjusted prevalence of *Campylobacter* contamination was highest in the Southern region (30.0%, 95% CI 25.1--35.4) and lowest in the Northern region (5.7%, 95% CI 0.4--51.0) ([Fig. 3](#f0015){ref-type="fig"}). There was no evidence that including region or sample type improved model fit (Χ^2^ = 2.5, *p* = 0.48; Χ^2^ = 0.9, *p* = 0.35, respectively).

For *Campylobacter* from sheep, 323 isolates were speciated. Of these 323 isolates, 208 (64.4%) were *C. jejuni*, 101 (31.3%) were *C. coli*, nine (2.8%) were *C. fetus*, three (0.9%) were *C. lari,* and two (0.6%) were *C. faecalis* ([Table 4](#t0020){ref-type="table"}).

### 3.1.5. Cattle {#s0065}

The adjusted prevalence derived from 5037 cattle gut samples was 15.4% (95% CI 11.7--20.0, 80% PI 6.9--30.8) compared to 7.4% (95% CI 4.6--11.6, 80% PI 2.9--17.9) from 1508 meat or organ samples ([Fig. 3](#f0015){ref-type="fig"}). No cattle external samples were tested for *Campylobacter*. On the basis of the cattle-specific multivariable model, *Campylobacter* were significantly less likely to be isolated or detected from meat or organ samples than from gut samples (OR = 0.40, 95% CI 0.26--0.61) ([Table 5](#t0025){ref-type="table"}). The adjusted prevalence of contamination was highest in Northern Africa (23.2%, 95% CI 15.2--33.8) and lowest in Eastern Africa (7.5%, 95% CI 4.7--11.7) ([Fig. 3](#f0015){ref-type="fig"}), but there was no evidence of a difference in the odds of *Campylobacter* contamination between samples from Northern Africa and any other region from the multivariable model ([Table 5](#t0025){ref-type="table"}). No studies from Central Africa reported on *Campylobacter* prevalence in cattle samples. There was evidence that the inclusion of sample type as a fixed effect improved model fit (Χ^2^ = 18.6, *p* ≤0.001), but no evidence for geographic region (Χ^2^ = 4.0, *p* = 0.26).

For *Campylobacter* from cattle, 845 isolates were speciated. Of these 845 isolates, 575 (68.0%) were *C. jejuni*, 222 (26.3%) were *C. coli*, 18 (2.1%) were *C. lari*, 17 (2.0%) were *C. fetus*, eight (0.9%) were reported as 'other', and five (0.6%) were *C. hyointestinalis* ([Table 4](#t0020){ref-type="table"}).

3.2. Salmonella {#s0070}
---------------

The unadjusted prevalence of *Salmonella* and serovar composition in the various sample types for each African region for each host animal species is shown in [Table 7](#t0035){ref-type="table"}. The weighted prevalence of *Salmonella* by animal species, sample type, and geographic region is summarized in [Fig. 5](#f0025){ref-type="fig"}. The prevalence of *Salmonella* was highest in poultry samples (13.9% (95% CI 11.7--16.4, 80% PI 3.5--41.5)), followed by pig samples (13.1% (95% CI 9.3--18.3, 80% PI 3.3--39.9)), camel samples (9.3% (95% CI 7.2--12.1, 80% PI 4.7--17.8)), cattle samples (5.3% (95% CI 4.0--6.8, 80% PI 4.0--6.8)), sheep samples (4.8% (95% CI 3.6--6.3, 80% PI 1.8--12.0)), goat samples (3.4% (95% CI 2.2--5.2, 80% PI 2.2--5.2)) and buffalo samples (2.9% (95% 1.1--7.1, 80% PI 1.1--7.1)). *Salmonella* were significantly more likely to be detected in samples from Central and Western Africa compared to the referent region of North Africa (OR = 6.64, 95% CI 1.37--32.24 and OR = 1.79, 95% CI 1.01--2.92, respectively). Samples from pigs and all other species were less likely to be found to be contaminated than samples from poultry, but this was only significant in the case of the all other species category (OR = 0.47, 95% CI 0.42--0.54) ([Table 5](#t0025){ref-type="table"}). There was weak evidence that the inclusion of region improved model fit (Χ^2^ = 8.9, *p* = 0.06) with stronger evidence for an improvement with the inclusion of sample type (Χ^2^ = 48.9, *p* ≤0.001) and species type (Χ^2^ = 134.2, p ≤0.001). [Supplementary Table 2](#ec0020){ref-type="supplementary-material"} details all reported *Salmonella* serovars quantified in each animal species by region.

Between study heterogeneity was high for all studies, and above 90% for cattle, pigs, and poultry. Values of MOR suggest that a sample collected in a higher prevalence study would have, in median, around 3.7 times the odds of *Salmonella* sample contamination than a sample collected from a lower prevalence study, with control for region, sample type, and species type. For the species-specific models, between study heterogeneity on the basis of MOR was notably high for cattle and poultry, in which the estimated median difference in odds of sample contamination between a low and high prevalence study was 4.5 and 4.0, respectively ([Table 6](#t0030){ref-type="table"}).Fig. 5Forest plot with adjusted prevalence estimates for *Salmonella* in food animals and meat for each animal species, sample type and African region, 1953--2016. 95% confidence intervals shown in solid line. 80% prediction intervals shown with dotted line. Adjusted prevalence not estimated when number of studies (k) \< 2, 1953--2016.Fig. 5Table 7Combined unadjusted *Salmonella* prevalence and three most numerous serovars for food animal type and various sample types, 1953--2016.Table 7Animal speciesSample stageSample typeNo. of samples testedNo. of samples positive (%)Number of isolates typed to serovar[a](#tf0015){ref-type="table-fn"} (%)Ranking of most commonly typed *Salmonella enterica* serovars123Serovar nameNo.\
(%)Serovar nameNo.\
(%)Serovar nameNo.\
(%)BuffaloGutFaeces/Rectal swab223753(2.4)Meat/organBile90012(1.3)Meat/organLymph node9998(0.8)Meat/organMeat8810(11.4)TOTAL422483(2.0)83(100)Typhimurium35 (42.2)Dublin13 (15.7)Anatum8 (9.6)CamelGutFaeces/Rectal swab81133(4.1)GutIntestine45032(7.1)Meat/organLiver26920(7.4)Meat/organLymph node88695(10.7)Meat/organMeat40354(13.4)Meat/organSpleen16924(14.2)TOTAL2988258(8.6)251(97.3)Saintpaul49\
(19.5)Typhimurium27\
(10.8)Branderup26\
(10.4)CattleGutFaeces/Rectal swab8683517(6.0)GutIntestine3090143(4.6)Meat/organCarcass6019162(2.7)Meat/organGallbladder/bile6558135(2.1)Meat/organHeart371(2.7)Meat/organKidney1266(4.8)Meat/organLiver124840(3.2)Meat/organLymph node3835139(3.6)Meat/organMeat23,9981050(4.4)Meat/organMeat rinse439619(0.4)Meat/organSpleen421(2.4)Meat/organTongue13,680199(1.5)Meat/organTripe40323(5.7)ExternalHide17774(41.8)TOTAL72,2922509(3.5)1637(65.2)Typhimurium289\
(17.7)Anatum124\
(7.6)Enteritidis120\
(7.3)GoatGutFaeces/Rectal swab141130(2.1)GutIntestine6855(0.7)Meat/organCarcass30949(15.9)Meat/organGallbladder/bile6250(0.0)Meat/organLiver1603(1.9)Meat/organLymph node91133(3.6)Meat/organMeat58324(4.1)Meat/organSpleen1602(1.3)ExternalSkin603(5.0)TOTAL4904149(3.0)47(32.4)Typhimurium18\
(12.4)Typhi5\
(3.4)Amersfoort\
Poona\
Derby\
"Other"/UT2\
(1.4)PigGutCaeca/Intestine51092(18.0)GutFaeces/Rectal swab2074372(17.9)Meat/organCarcass37122(5.9)Meat/organGallbladder/bile6604(0.6)Meat/organHeart10(0.0)Meat/organKidney40(0.0)Meat/organLiver12118(14.9)Meat/organLymph node1184173(14.6)Meat/organMeat42551(12.0)Meat/organTongue11730(25.6)TOTAL5467762(13.9)478(62.7)Hadar85\
(17.9)Group O:248\
(10.0)Saintpaul46\
(9.6)PoultryGutCaeca/Intestine1997360(18.0)GutFaeces/Cloaca swab10,0601321(13.1)Meat/organCarcass1752335(19.1)Meat/organGallbladder27919(6.8)Meat/organGiblets4218(42.9)Meat/organGizzard876267(30.5)Meat/organHeart45238(8.4)Meat/organKidney900(0.0)Meat/organLiver1852180(9.7)Meat/organMeat6578712(27.3)Meat/organSpleen42520(4.7)ExternalFeathers12061(50.8)ExternalSkin907284(31.3)TOTAL25,4303615(14.2)2098(58.0)Enteritidis464\
(22.1)Typhimurium311\
(14.8)Typhi174\
(8.3)SheepGutFaeces/Rectal swab237097(4.1)GutIntestine179728(1.6)Meat/organCarcass38125(6.6)Meat/organGallbladder/bile230531(1.3)Meat/organHeart2070(0.0)Meat/organKidney90(0.0)Meat/organLiver1904(2.1)Meat/organLymph node281771(2.5)Meat/organMeat93668(7.3)Meat/organSpleen1811(0.6)ExternalSkin1427(4.9)TOTAL11,335332(2.9)165(49.7)Typhimurium68 (20.5)Enteritidis14 (4.2)Eastbourne11 (3.3)[^3][^4]

### 3.2.1. Poultry {#s0075}

The adjusted prevalence on the basis of 12,057 poultry gut samples was 13.4% (95% CI 9.8--18.0), 28.5% (95% CI 17.1--43.6) on the basis of 1027 external samples, and 13.2% (95% CI 10.6--16.3) on the basis of 12,346 poultry meat or organ samples. *Salmonella* were significantly less likely to be isolated or detected from both external (OR = 0.73, 95% CI 0.55--0.98) and meat or organ samples (OR = 0.45, 95% CI 0.39--0.53) when compared with the poultry gut sample baseline ([Table 5](#t0025){ref-type="table"}). The adjusted prevalence in poultry samples was highest in the Southern region (28.2%, 95% CI 17.8--41.7) and lowest in the Northern region (10.5%, 95% CI 8.0--13.6) ([Fig. 5](#f0025){ref-type="fig"}). There was no evidence for improvement in model fit with the inclusion of region (Χ^2^ = 4.1, *p* = 0.4), but strong evidence for improvement with the inclusion of sample type (Χ^2^ = 97.1, *p* ≤0.001).

In total, *Salmonella* was isolated or detected in 3615 poultry samples and 2236 (61.9%) were serotyped. Among the 2236 isolates serotyped from poultry samples, 464 (20.8%) were *Salmonella enterica* serovar Enteritidis, 311 (13.9%) were *Salmonella enterica* serovar Typhimurium, and 174 (7.8%) were *Salmonella enterica* serovar Typhi ([Table 7](#t0035){ref-type="table"}).

### 3.2.2. Pigs {#s0080}

The adjusted *Salmonella* prevalence on the basis of 2584 pig gut samples was 15.4% (95% CI 8.4--26.6). No pig external samples were tested for *Salmonella*. Among 2883 pig meat or organ samples, the adjusted prevalence was 11.9% (95% CI 7.6--18.1) ([Fig. 5](#f0025){ref-type="fig"}). There was no evidence for differences in the odds of *Salmonella* contamination when comparing pig gut and meat or organ samples. The adjusted *Salmonella* prevalence was highest in Central Africa (33.2% (95% CI 16.3--56.0)) and lowest in Northern Africa (6.8% (95% CI 3.1--14.2)). The odds of *Salmonella* contamination were significantly higher in the Central region than the Northern region baseline (OR = 10.9 (95% CI 1.36--87.5)) ([Table 5](#t0025){ref-type="table"}). There was no evidence for improvement in model fit with the inclusion of either region (Χ^2^ = 4.8, *p* = 0.3) or sample type (Χ^2^ = 0.29, *p* = 0.59).

In total, *Salmonella* was isolated or detected in 762 pig samples and 428 (56.2%) of these were serotyped. Among the 494 isolates serotyped from pig samples, 85 (19.9%) were *Salmonella enterica* serovar Hadar, 46 (10.7%) were *Salmonella enterica* Saintpaul and 40 (9.3%) *Salmonella enterica* serovar Eastbourne ([Table 7](#t0035){ref-type="table"}).

### 3.2.3. Cattle {#s0085}

The adjusted *Salmonella* prevalence on the basis of 11,773 cattle gut samples was 4.5% (95% CI 2.9--6.9), 5.2% on the basis of 60,342 meat or organ samples, and 41.2% on the basis of 177 external samples ([Fig. 5](#f0025){ref-type="fig"}). *Salmonella* were significantly more likely to be isolated or detected from cattle external samples than cattle gut samples (OR = 8.11, 95% CI 5.5--11.96) ([Table 5](#t0025){ref-type="table"}). The prevalence in cattle samples was highest in the Central region (25.9%, 95% CI 19.6--33.4) and lowest in the Eastern region (3.9%, 95% CI 2.7--5.5) ([Fig. 5](#f0025){ref-type="fig"}). There was no evidence for improvement in model fit with the inclusion of region (Χ^2^ = 6.0, *p* = 0.2), but strong evidence for improvement with the inclusion of sample type (Χ^2^ = 112.1, p ≤0.001).

In total, *Salmonella* was isolated or detected in 2509 cattle samples and 1750 (69.7%) of those were serotyped. Among the 1750 isolates serotyped from cattle, 289 (16.5%) were *Salmonella enterica* serovar Typhimurium, 124 (7.1%) were *Salmonella enterica* serovar Anatum, and 120 (6.9%) were *Salmonella enterica* serovar Enteritidis ([Table 7](#t0035){ref-type="table"}).

### 3.2.4. Sheep {#s0090}

The adjusted *Salmonella* prevalence on the basis of 4167 sheep gut samples was 4.5% (95% CI 2.8--7.2), and 4.8% (95% CI 3.4--6.8) on the basis of 7026 meat or organ samples ([Fig. 5](#f0025){ref-type="fig"}). A single study reported a prevalence of 4.9% for sheep external samples (*n* = 142). There was no evidence for a difference in the odds of contamination by sample type ([Table 5](#t0025){ref-type="table"}). Like goats, the adjusted prevalence was highest in sheep samples from the Central region (25.0%, based on a single study) and lowest in the Southern region (2.5%, 95% CI 1.2--5.3) ([Fig. 5](#f0025){ref-type="fig"}). The odds of sample contamination were significantly elevated in Central (OR = 6.5, 95% CI 1.4--30.3) and Western regions (OR = 3.1, 95% CI 1.3--7.1), and significantly reduced in the Southern region (OR = 0.25, 95% CI 0.07--0.98) ([Table 5](#t0025){ref-type="table"}). There was no evidence for improvement in model fit with the inclusion of sample type (Χ^2^ = 4.9, *p* = 0.29), but strong evidence for region (Χ^2^ = 14.4, *p* = 0.006).

In total, *Salmonella* was isolated or detected in 332 sheep samples and 165 (49.7%) of these were serotyped. Among the 165 isolates serotyped from sheep samples, 69 (41.8%) were *Salmonella enterica* serovar Typhimurium, 14 (8.5%) were *Salmonella enterica* Enteritidis and 11 (6.7%) *Salmonella enterica* serovar Eastbourne ([Table 7](#t0035){ref-type="table"}).

### 3.2.5. Goats {#s0095}

The adjusted *Salmonella* prevalence on the basis of 2096 goat gut samples was 2.2% (95% CI 1.1--4.3). Among 2748 goat meat or organ samples, the adjusted prevalence was 4.4% (95% CI 2.6--7.5) ([Fig. 5](#f0025){ref-type="fig"}). A single study reported on *Salmonella* detection in goat external samples. The adjusted prevalence was highest in the Central region (16.7%) and lowest in the Southern region (0.4%) (both based on a single study). There was no evidence of a difference in the odds of contamination by sample type or geographic region on the basis of a multivariable model ([Table 3](#t0015){ref-type="table"}, [Table 4](#t0020){ref-type="table"}). There was also no evidence for an improvement in model fit following inclusion of either region (Χ^2^ = 4.9, p = 0.29) or sample type (Χ^2^ = 0.9, *p* = 0.6) as fixed effects.

In total, *Salmonella* was isolated or detected in 145 goat samples and 47 (32.4%) of these were serotyped or serogrouped. Among the 47 isolates serotyped from goat samples, 19 (40.4%) were *Salmonella enterica* serovar Typhimurium, five (10.6%) were *Salmonella enterica* Typhi and two (4.3%) each of *Salmonella enterica* serovar Amersfoort, *Salmonella enterica* serovar Derby, *Salmonella enterica* serovar Poona, and untypeable *Salmonella* species ([Table 7](#t0035){ref-type="table"}).

3.3. Typhoidal *Salmonella* {#s0100}
---------------------------

*Salmonella enterica* serovar Typhi isolates were reported from 201 samples in nine studies from Eastern, Northern, and Western African regions. Among the 201 *Salmonella enterica* serovar Typhi isolated or detected, 165 (82.1%) were from poultry gut samples from one study and 36 (17.9%) were from cattle, goat, pig, poultry, and sheep meat or organ samples.

*Salmonella enterica* serovar Paratyphi A were reported from 40 samples in five studies in Northern and Western African regions. Among the 40 *Salmonella enterica* serovar Paratyphi A isolated or detected, 33 (82.5%) were isolated from cattle, and poultry gut samples and 7 (17.5%) were isolated from cattle, poultry, and sheep meat or organ samples.

3.4. Risk of bias {#s0105}
-----------------

Forty four of 246 studies (17.9%) had an overall low risk of bias, 178 (72.4%) had an overall moderate risk of bias, and 24 (9.8%) had an overall high risk of bias (S1 file - B). In regards to sample selection and transport, the number of days, months, or years over which a particular study took place was specified in 127 (51.6%) studies. The time from sampling to laboratory was specified as less than 4 h in 54 (22.0%) studies and unspecified in 181 (73.6%) studies. Temperature during transport was at refrigeration temperatures in 25 (10.2%) studies, chilled in 82 (33.3%) studies, and unspecified in 137 (55.7%) of studies. With regards to laboratory testing, the amount of any individual sample tested was specified in 182 (74.0%) of 246 studies. *Campylobacter* or *Salmonella* specific liquid and solid media were used in 150 (61.0%) of studies. *Campylobacter* were incubated microaerophilically or in a candle jar in 61 (83.6%) of the 73 studies focusing on that organism. *Campylobacter* and *Salmonella* were specified as incubated between 35 °C and 42 °C in 48 (65.8%) of 73 and 120 (64.5%) of 186 studies, respectively. The speciation methods of *Campylobacter* isolates were deemed to have low or moderate risk of bias in 50 (68.5%) of 73 studies. The typing methods for *Salmonella* isolates was deemed to have low or moderate risk of bias in 91 (48.9%) of 186 studies.

Forty-three (8.3%) of 518 articles were excluded at the full text screening stage for being in a language other than English.

4. Discussion {#s0110}
=============

Our systematic review has demonstrated widespread prevalence of *Campylobacter* species and *Salmonella* serovars in food animal species or meat across Africa. Both *Campylobacter* and *Salmonella* were most prevalent among samples from poultry and pigs, and were less common among samples from ruminant livestock and other animals. *C. jejuni* was the most predominant *Campylobacter* species and *Salmonella enterica* serovar Typhimurium was the most commonly identified *Salmonella* serovar in African food animals and meat products.

*Campylobacter* and *Salmonella* were present in animal gut, external, and meat or organ animal samples, but patterns of carriage or contamination varied among host species. Pathogen contamination during slaughter and meat processing may be more important in some animal species than others. The finding that *Campylobacter* were more likely to be isolated or detected from poultry external samples than poultry gut samples may result from contamination of feathers and skin by gut contents of many different animals, both while alive and during slaughter. On-farm environmental sources, both inside and outside housing, waterways and wildlife, including wild birds, have been identified as sources of *Campylobacter* ([@bb0090]). In contrast, *Salmonella* were significantly more likely to be isolated or detected in poultry gut samples than poultry external and meat or organ samples. This may be, in part, due to relative concentration of carriage of the two pathogens in poultry, which a report has shown to be \>5 log cfu/g greater for *Campylobacter* than *Salmonella* in poultry faecal samples ([@bb0530]). Environmental contamination of cattle hides from multiple sources may explain why *Salmonella* were significantly more likely to be isolated or detected from cattle external samples than cattle gut samples. No cattle external samples were tested for *Campylobacter* to compare these findings. *Campylobacter* were significantly more likely to be isolated or detected from cattle gut samples than cattle meat or organ samples, while *Salmonella* were significantly more likely to be isolated or detected from goat meat or organ samples than goat gut samples. *Campylobacter* are micro-aerophilic organisms and sensitive to extra-intestinal environments ([@bb0340]). From extra-intestinal samples types, *Campylobacter* cells may be present but damaged and therefore not culturable in the laboratory. The difference for *Salmonella* isolation and detection between goats and cattle may be a result of differences in the slaughter and production, differences in sample consistency (particularly faecal samples) or handling of meat products. Goats are more easily hung for dressing than cattle, likely decreasing floor-to-carcass contact and therefore faecal contamination. Larger slaughter facilities in Africa have been shown to have greater incidence of *Salmonella,* at all stages of the slaughter process, than smaller facilities ([@bb0655]).

We have shown that *Campylobacter* were significantly more likely to be isolated or detected in Central African food animal samples than those from other African regions following adjustment for types of samples tested. The prevalence of *Campylobacter* detection was particularly high among Central African poultry and was significantly higher than that of other regions ([Fig. 3](#f0015){ref-type="fig"}). *Salmonella* were significantly more likely to be isolated or detected from Central and Western African food animal samples than the referent region of Northern Africa. Unlike for *Campylobacter*, no single food animal species contributed to the higher *Salmonella* prevalence in Central and Western Africa. Rather, it seems that the *Salmonella* prevalence across all food animal species drove the regional differences. The finding that Southern African studies isolated or detected significantly more *Campylobacter* in goat and sheep samples but significantly less *Campylobacter* in pig samples, than the referent region of Northern Africa, reinforces that the contamination or carriage may vary between animal species within the same region.

*Campylobacter jejuni* was the predominant *Campylobacter* species isolated from food animals in Africa. However, goat and sheep, and poultry samples from Central Africa and pig faecal samples and pork regardless of region of origin, had a higher prevalence of *C. coli*. The observation that *C. coli* predominates in pig and pork samples agrees with studies from North and South America ([@bb0360]; [@bb0995]; [@bb1540]), and Europe ([@bb0260]; [@bb0785]) with varying predominance in Asia ([@bb0645]; [@bb0295]). Thermophilic *Campylobacter* species, *C. jejuni*, *C. coli*, *C. lari,* and *C. upsaliensis* accounted for the majority of campylobacters isolated. Thermophilic campylobacters cause the majority of human *Campylobacter* infection but non-thermophilic species also cause human illness ([@bb0875]). *C. sputorum*, *C. hyointestinalis*, *C. faecalis*, and *C. fetus* are non-thermophilic *Campylobacter* species, and were identified in low numbers from African food animals. For non-thermophilic species underestimation is particularly likely where studies use an elevated temperature for isolation.

*Campylobacter* were not recovered from African camel samples. *Campylobacter* have been recovered from camel faecal and meat samples elsewhere ([@bb1015]; [@bb1305]). As so few camel samples were tested for *Campylobacter* (*n* = 3), there is a need for more sampling of camels in Africa.

*Salmonella enterica* serovar Typhimurium was the most commonly identified serovar in African food animals in our review. This contrasts with findings in a report from the WHO Global Salm-Surv database ([@bb0545]); a now discontinued web-based country databank of *Salmonella* serovars from human and non-human sources. In the WHO report, *Salmonella enterica* serovar Typhimurium was not in the top five *Salmonella* serovars submitted from non-human sources from African countries between 2000 and 2002. Instead, *Salmonella enterica* serovar Anatum (16%), *Salmonella enterica* serovar Enteritidis (16%), *Salmonella enterica* serovar Corvalis (8%), *Salmonella enterica* serovar Amsterdam (8%), and *Salmonella enterica* serovar Braenderup (8%) were the most common from non-human sources across the continent ([@bb0545]). This may result in bias of reporting of non-human *Salmonella* strains isolates to the databank, particularly if submissions came from sick animals by way of veterinary laboratories. It should be noted that the Global Salm-Surv database had only three African countries contributing non-human data, compared to 27 countries represented in our analyses. The Global Salm-Surv database was also more restricted in time, reporting contributed data between 2000 and 2002, compared to between 1953 and 2016 for our analyses.

Common *Salmonella enterica* serovars from pigs varied from those isolated from other food animals. *Salmonella enterica* serovar Hadar, *Salmonella enterica* serovar Saintpaul, and *Salmonella enterica* serovar Eastbourne were the three most frequently identified serovars. The low proportion of porcine *Salmonella enterica* serovar Typhimurium isolates contrasts with reports from Europe ([@bb0185], [@bb0630], [@bb1285]), North America ([@bb0885]), South America ([@bb0830]) and Asia ([@bb0160]; [@bb1490]) where *Salmonella enterica* serovar Typhimurium is a common serovar in pig and pig products.

Typhoidal and Paratyphoidal *Salmonella enterica* serovars Typhi, Paratyphi A, Paratyphi B, with the exception of the biovar Java, and Paratyphi C are not known to have animal or environmental reservoirs ([@bb0310]). One *Salmonella* isolate reported as *Salmonella enterica* serovar Paratyphi B was from a study published in 1953, prior to *Salmonella enterica* serovar Java first being redefined as a biovar of *Salmonella enterica* serovar Paratyphi B in 1988 by Le Minor ([@bb0880]). The majority of the *Salmonella enterica* serovar Typhi reported as isolated or detected was from a single Western African poultry study whose typing methods were questionable and considered high risk for bias. However, three other studies from Western Africa reported *Salmonella enterica* serovar Typhi in poultry. Of 11 studies reporting the isolation of *Salmonella enterica* serovar Typhi from meat pathway samples, one (9.1%) reported farm production type, slaughter facility size, or characteristics of meat retail facilities. The isolation of *Salmonella enterica* serovar Typhi and *Salmonella enterica* serovar Paratyphi from gut, external and meat or organ sample types likely suggests contamination from human faeces indicating serious breaches in sample collection and processing, or extremely poor farm or slaughter facility hygiene practices.

We have shown that African food animals and meat may be an important source of campylobacteriosis and salmonellosis as has been shown worldwide ([@bb0220]; [@bb0440]; [@bb1370]; [@bb1450]). Source attribution studies have implicated chicken as a cause of \>70% of human campylobacteriosis cases in studies from Germany ([@bb1360]) and Switzerland ([@bb0840]). Other studies report chicken consumption to be the predominant source of campylobacteriosis in other parts of Europe, Canada and New Zealand ([@bb0250]; [@bb0275]; [@bb0890]; [@bb1080]; [@bb1335]; [@bb1455]; [@bb1085]). Ruminants appear to be the source of \~15--30% human campylobacteriosis in some studies, but as low as 1% in Germany ([@bb1360]). Poultry was the most common source of foodborne salmonellosis in both the US and Japan where \~70% of human cases were attributable to chicken, turkey and egg products ([@bb0620]; [@bb1290]; [@bb1500]). Poultry was similarly found to be the most important source of human salmonellosis in Europe. According to a European Food Safety Authority (EFSA) report, poultry was the greatest food animal contributor to human illness, with 51.2% of cases attributed to laying hens, broilers, and turkeys. We have shown that poultry in Africa have a higher prevalence of both *Campylobacter* and *Salmonella* than other food animals and meat suggesting that poultry may be an important source of human illness in Africa too. The second most common attributable source of illness in both the EU and Japan were pigs with 26.9% and 5.3% of cases respectively ([@bb1285]; [@bb1290]). Beef was the second most common attributable source in the US with 29% of cases ([@bb0620]).

While source attribution studies have been performed in some parts of the world, few are available for *Campylobacter* and *Salmonella* in Africa ([@bb0930]). It is important to ascertain whether or not increasing scales and intensification of meat production are contributing to human disease in Africa. The presence of *Campylobacter* and *Salmonella* in food animals and meat products may or may not indicate human disease risk. As we have shown, *Campylobacter* species and *Salmonella* serovars identified, vary between animal species. Without a more in depth look at the link between animal and human isolates, such as whole genome sequencing and patterns of human exposure, including raw meat handling and cooking practices, we have less information about whether or not *Campylobacter* and *Salmonella* from African food animals are contributing to human disease.

Foodborne diseases are 'widespread and represent significant threats to health and economies of countries' according to the WHO Regional Office for Africa ([@bb1565]). It has been shown that implementation of greater hygiene measures in slaughter systems has been successful in reducing the numbers of cases of salmonellosis in Europe ([@bb0475]) and campylobacteriosis in New Zealand ([@bb0350]). There are many challenges to improving food safety in Africa. Some are logistical, such as reliable access to electricity and safe water, others are social, such as population changes, and some are environmental, such as extreme weather conditions ([@bb0520]). Where prevalence data show that end product samples are highly contaminated with *Campylobacter* or *Salmonella*, as was the case for poultry meat and organs, local and national policy makers and enforcers may be able to more effectively develop control measures to reduce potential pathogens in the food chain.

4.1. Limitations of the study {#s0115}
-----------------------------

Our formal bias assessment determined the overall risk of bias from sample selection, sample transport and laboratory methods used. One hundred and eighty-two (73.7%) of 247 studies did not specify sample transport time, and 138 (55.9%) did not specify temperature of sample transport, both of which can affect the survival of pathogen before testing.

Most of the included studies either began testing samples in the years between 2000 and 2016 or did not specify when the study began. The analyses are therefore weighted more heavily on more recent studies as opposed to results uniformly spread over the years since 1951 when earliest sampling was stated to have taken place.

Laboratory methods varied between studies limiting direct comparability between analyses. Sixty-four (26.0%) of 247 studies did not specify the amount of sample tested. The weight of sample tested has been shown to influence the estimates of prevalence of *Salmonella* ([@bb0535]). Forty (16.2%) of 247 studies did not specify culture methods used. Among the 73 *Campylobacter* studies that used culture techniques for isolation, nine different broths were used as selective enrichment and 14 different agars were used. Among the 177 *Salmonella* studies that used culture techniques, eight different primary enrichment broths, six different selective enrichment broths, and 24 different agars were used for isolation. Speciating emerging *Campylobacter* requires tests beyond basic phenotypic and biochemical assays. The prevalence of these *Campylobacter* species is therefore likely underestimated. Prevalence estimates were not corrected for test sensitivity and specificity, implying that the true prevalence in each study is likely to differ from the apparent prevalence, and that the magnitude of this difference may be affected by sampling and testing methodology in an unquantified manner. No study was excluded due to chosen sampling or testing methodologies. Potential biases involving study size and sample type were adjusted for in the data analysis.

4.2. Conclusion {#s0120}
---------------

For many subsistence households and communities in many African countries, meat is a key protein source and livestock and poultry production is central to people\'s livelihoods. As market-driven changes occur within agricultural production towards wider distribution networks, centralised processing, and more large-scale and intensive systems, have been linked to the emergence of zoonotic diseases. Both *Campylobacter* and *Salmonella* were most prevalent among samples from poultry and pigs, and were less common among samples from ruminant livestock species. *C. jejuni* was the predominant *Campylobacter* species and *Salmonella enterica* serovar Typhimurium was the most commonly identified *Salmonella* serovar in African food animals and animal products. The presence of *Salmonella enterica* serovar Typhi and *Salmonella enterica* serovar Paratyphi in samples of food animal origin is particularly troubling and strongly indicates the need for increased hygiene measures to ensure food animals are not exposed to human faeces and human faeces do not contaminate the community meat supply.

The high prevalence of these organisms in livestock and poultry, their important role as human pathogens, and lack of evidence on which animal hosts contribute most to human illness in Africa, indicate source attribution studies would be a useful tool to more definitively identify priorities for food safety interventions.
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[^1]: Where "Other" Campylobacter species include: C. faecalis, C. fetus, C. hyointesinalis, C. lari, C. sputorum, C. upsaliensis.

[^2]: *p* \< 0.05.

[^3]: UT = Untypeable.

[^4]: Serovars were excluded from number of isolates typed to serovar if numbers of isolates identified were not stated.
